The excited baryon masses are analyzed in the framework of the 1/N c expansion using the available physical masses and also the masses obtained in lattice QCD for different quark masses. The baryon states are organized into irreducible representations of SU (6) 
I. INTRODUCTION
One of the most important present objectives in lattice QCD (LQCD) is the calculation of the light baryon spectrum, where in recent years substantive progress has been made. The implementation of optimized baryon source operators [1] [2] [3] [4] has enabled improved signals for excited baryons, leading to remarkable progress in identifying states by their quantum numbers and in the determination of their masses. In calculations performed with quark masses corresponding to 390 MeV ≤ M π ≤ 702 MeV, the spectrum of non-strange baryons [3] and also of strange baryons [4] were obtained. These calculations were performed on anisothropic lattices 16 3 × 128 with a gluon Symanzik-improved action with tree-level tadpole-improved coefficients and an anisotropic clover fermion action as explained in Ref. [5] . Although the effects of finite widths of the baryons are not yet implemented in these calculations, the results are very significant. The extraction of the baryonic resonance parameters (mass and width) by means of finite volume effects on the two body spectrum (e.g., πN ) as it has been carried out for the ρ meson [6] , in baryons is still to be fully implemented in a LQCD calculation. A nice example of the latter was shown in a continuum Chiral Perturbation Theory study of those effects for extracting the ∆ resonance [7] . The results used in this work pertain to the use of quasi-local baryon source/sink operators, which are not entirely sufficient for extracting the resonance parameters, and therefore the quoted masses will probably be (slightly) shifted in the more complete framework employing the finite volume effects. In fact, for the LQCD states to be analyzed here, the available phase space for the two body decay of the excited baryons is increasingly suppressed with increasing M π , which for the considered range of quark masses result in state widths which are significantly smaller than in the physical case. An estimate using the available phase space and the phenomenological widths gives widths ∼ 50 MeV or smaller for the S-wave decays and even smaller for P-and D-waves. Thus, the present results of the LQCD baryon masses are expected to be very close to those one would obtain with the more complete method.
Although other recent works on baryon LQCD spectroscopy have been carried out in
Refs. [1, 2, 8, 9, [9] [10] [11] , the present work will use the results obtained by the Jefferson Lab
Lattice QCD Collaboration in Refs. [3, 4] . The study can similarly be applied to other results, in particular those of the BGR Collaboration [8] where the masses of the states analyzed here have been calculated.
A key observation from the analysis carried out in [3, 4] is that source/sink operators which, in the continuum limit, are in irreducible representations of the spin-flavor and quark orbital angular momentum groups SU (2N f ) × O(3) are very close to be at the optimum for the selective overlap with the baryon states. This is a strong indication that the baryon mass eigenstates themselves must be approximately organized into irreducible multiplets of that group, a fact that is well known to hold phenomenologically. This has been tested explicitly in the LQCD calculations by measuring the coupling strengths of sources in different representations to each of the baryon levels studied. The state admixture of different SU (2N f ) × O(3) irreducible representations, known as configuration mixing, cannot however be directly inferred from those strengths, as they depend on details of the operators. Since in the exact symmetry limit the couplings would be "diagonal", it is expected that the existence of small off diagonal couplings necessarily translates into small state configuration mixings. In the present work, configuration mixings will be altogether neglected, and thus all claims are restricted to the approximate validity of that assumption. The states studied in this work are the ones corresponding to the SU (6) . These are of particular interest because they have been previously analyzed phenomenologically in the framework of the 1/N c expansion employed here [12] , where the assumption of no configuration mixing works very well up to the degree of accuracy of the input masses and other observables permit.
The existence of a spin-flavor symmetry in baryons can be rigorously justified in the large N c limit of QCD. The symmetry is the result of a consistency requirement imposed by unitarity on pion-baryon scattering in that limit [13] [14] [15] , and spin-flavor symmetry is thus broken by corrections which can be organized in powers of 1/N c . Under the assumption that the real world with N c = 3 baryons can be analyzed using a 1/N c expansion, starting at the lowest order with an exact spin-flavor symmetry, many analyses of baryon masses and other properties have been carried out. In particular, excited baryon masses have been analyzed in numerous works for the cases considered in this work [16] [17] [18] [19] [20] [21] [22] [23] [24] as well as for other multiplets [25] [26] [27] [28] . Although spin-flavor symmetry is justified in the large N c limit, the larger
is not. The latter can be broken due to spin-orbit effects at O (N 0 c ), as it is the case in the [70, 1 − ] baryons, and is in principle not such a good symmetry. However, phenomenologically it has been known since old times that spin-orbit effects in baryons are small, and actually smaller than the hyperfine (HF) effects which are sub-leading in 1/N c .
In addition, configuration mixings which are not suppressed in the large N c limit turn out to be driven by operators of the spin-orbit type [29, 30] , and seem to be small as well. As mentioned earlier, these observations also apply to the LQCD baryons.
Particular predictions result when configuration mixings are disregarded. They have the form of parameter independent mass relations which hold up to higher order corrections in the 1/N c or SU (3) breaking expansions. Among those relations are the well known GellMann-Okubo (GMO) and equal spacing (EQS) relations, which are valid in general, and additional ones involving different spin-flavor states such as relations in the 56-plets that follow from the Gürsey-Radicati mass formula, and other relations in the 70-plet [21] . As it will be shown in the present analysis, LQCD baryon masses fulfill to the expected accuracy those relations.
The objective of this work is to analyze the LQCD results for baryon masses using the 1/N c expansion to O (1/N c ) and to first order in SU (3) symmetry breaking. Although the LQCD results, as mentioned above, are at larger than physical quark masses and do not have a complete implementation of the effects due to the finite baryon decay widths, they provide complete sets of states, i.e., states that complete the experimentally partially filled multiplets, which is a very useful addition for more accurate analyses as the ones carried out here. In addition, since the 1/N c expansion of QCD applies even in cases where such approximations are made (e.g., quenched QCD, larger quark masses, etc.), the present study also serves as a test of the 1/N c expansion itself.
In the phenomenological analyses, the excited baryon masses used as inputs are those provided by the Particle Data Group (PDG) [31] [24] for the non-strange baryons. These inputs are however not possible for the LQCD baryons, and therefore the state mixing relies very strongly on the criterion for identifying states. In this regard, level crossing effects are possible as the quark masses are varied in the LQCD calculations [8, 10] . This is a present topic of interest in LQCD, which is still in its early stages in the study of the baryon spectrum.
This work is organized as follows: In Section II a brief description of the 1/N c expansion framework is given; Section III contains the results and their analysis; Section IV gives the summary and conclusions. Appendix A displays the bases of operators and the respective matrix elements needed in this work, and Appendix B gives the baryon masses, both from the PDG [31] and LQCD [3, 4] , which are the inputs for the fits.
II. THE 1/N c EXPANSION AND SPIN FLAVOR SYMMETRY IN BARYONS
Consistency of baryons in the ordinary large N c limit as defined by 'tHooft [32] requires that baryons form multiplets of a contracted spin-flavor group SU (2N f ) [13] [14] [15] . The generators of that symmetry are denoted by S i (spin), T a (flavor) and
In the case of excited baryons the observation that quark spin and orbital angular momentum are weakly coupled in baryons has lead to a phenomenologically successful scheme of organizing the states in multiplets of SU (2N f )) × O(3). Without loss of generality it is possible to work with the ordinary rather than the contracted spin-flavor group for the purposes of building the operator bases [33] . Any static baryonic observable can be expressed by an effective operator which is decomposed in a basis of operators ordered in powers of 1/N c and which can be expressed as appropriate tensor products of the symmetry generators. In the present case of baryon masses, the bases of operators are well known. The details for obtaining those bases can be found in Refs. [16, 18-21, 34, 35] .
The excited states considered here will be either in the totally symmetric (Sym) or in the mixed symmetric (MSym) irreducible representations of SU (6). Following the large N c
Hartree picture of a baryon, without a loss of generality and for the purpose of dealing with the group theory of the spin-flavor and orbital degrees of freedom, one can describe a low excitation baryon as a spin-flavor symmetric core with N c − 1 quarks and one excited quark.
In this way it becomes straightforward to obtain the matrix elements of bases operators.
Appendix I gives the mass operator bases to the needed order and the corresponding matrix For each case, the mass operators to the order needed here are as follows:
[56, 0 + ]: in this case the mass operator is the famous Gürsey-Radicati (GR) mass formula, which, explicitly displaying the 1/N c power counting, reads as follows:
where S is the baryon spin operator, I the isospin, and N s the number of strange quarks, [56, 2 + ]: in this case the basis has three SU (3) symmetric and three breaking operators:
The basis of operators along with the matrix elements are given in Appendix A1, Table XVI. [70, 1 − ]: In the case of non-strange baryons, where the states belong to a 20 plet of SU (4) the mass formula reads [19] :
where the eight basis operators up to and including O (1/N c ) are given in Table XVII of Appendix A2. For three flavors the mass formula reads [20, 21] :
where the basis operators up to and including O (1/N c ) or O ( ) are given in Table XVIII and   Table XIX of Appendix A2. In order that the SU (3) breaking operators do not contribute to the non-strange baryon masses, they have ben redefined according to:
Since in general the number of states is larger than the number of coefficients of the fit, and the masses are linear in the coefficients, there must be linear mass relations which are independent of the coefficients. Such mass relations have been derived in previous works, and will be tested here with the LQCD results. Many of the mass relations involve SU (3) breaking mass differences, and are thus identically satisfied in the limit of SU (3) symmetry.
There are however some mass relations which test exclusively the breaking of the spin-
The mass relations will be presented in the analysis of each case below, and they are depicted in Tables III, IV, VII, XIII, XIV.
III. FITS TO THE LQCD RESULTS
In this section the fits to the LQCD masses are performed. The LQCD results used here are as follows: for two flavors the results are those of Ref. [3] , of which only the results for the negative parity baryon masses will be analyzed, and for three flavors the results of Ref.
[4] are used. For two flavors the quark masses used correspond to M π = 396 and 524 MeV, and for three flavors m s has been kept fixed, and M π = 391, 524 and 702 MeV, where the last one corresponds to exact SU (3) symmetry.
For each of the multiplets it is necessary to identify the states with the LQCD mass levels.
This procedure is not unique and thus it requires some analysis, as shown below. In the following the notation used to designate the states will be as follows: B S or B S for states with baryon spin S which belong predominantly in octets, and B S for baryons which belong predominantly in singlet or decuplet. Table I gives the results of the fits for the ground state baryons, and Table II for the Roper baryons.
The analysis of LQCD ground state baryon masses including higher order terms in the SU (3) breaking has been carried out in Ref. [36] , for LQCD calculations other than the present ones. It is noted that the HF mass splittings have the behavior observed also in other LQCD calculations, where it increases with M π up to M π ∼ 400 MeV, to decrease for higher M π (for a current summary see Ref. [37] ). On the other hand for the excited baryons the HF splittings are almost always monotonously decreasing with increasing M π , both in the 56-and 70-plets.
In the Roper baryons, the identification of the 8 1/2 is obvious, being the lightest positive parity excited states above the ground state, but for the 10 3/2 one needs to distinguish between two possible excited multiplets, one which will be a Roper and one which be in the is consistent with zero for the LQCD masses.
The mass relations are given in Tables III and IV , which show that they are satisfied within errors for the LQCD results. In the physical case, the knowledge of the Roper states
[MeV] PDG 391 524 702 is rather incomplete. Based on the mass relations the predictions shown in Table V are made. As shown below, the listed PDG candidate states may also match predictions from
149.0±0.5 55±19 33±13
140.7±0.5 54±17 40±14 There is mixing between states in the octet and decuplet, namely the Σ and the Ξ pairs of states with S = 3/2 and with S = 5/2, namely (Σ
S ) and (Ξ
S , Ξ
S ). These mixings obviously result from SU (3) breaking, and the physical states are defined as follows:
Two different fits are carried out, one includes all the SU (3) breaking operators, and a second one only including the one-body operator giving the spin independent breaking effects. Since the symmetry breaking by the operator B 1 does not produce mixing between 8 and 10, the mixing angles are actually ∝ /N c , and thus naturally very small. The results are shown in Table VI . It is checked that the present fit fully agrees with a previous one for the physical case [22] . One important observation is that based on the quality of the fits the mixings cannot be definitely established for the LQCD results.
[MeV] PDG 391 524 702 391 524 702 Table   VII , which is a large N c parameter independent mass relation, were used to predict the above masses.
C. [70, 1 − ] Baryons
In the case of two flavors, there are two mixing angles for the pairs of nucleon states with S = 1/2 and S = 3/2. Denoting by (2s+1) N S the nucleon state with spin S and quark spin s, the physical states are given by:
Understanding these mixings is very important, as the decays and photo-couplings are sensitive to them. These mixings are predicted at the leading level of breaking of spinflavor symmetry [23] . 
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However a determination of the angles in a more rigorous way requires the input of additional observables, namely the partial decay widths and/or photo-couplings. The details of that analysis are provided in Ref. [24] .
In the case of three flavors there are two-state and also three-state mixings. For the nucleons one has the same case as for two flavors, while for Σ, Λ and Ξ baryons there is three-state mixing. The physical states are given in terms of the quark spin and SU (3)
eigenstates by: The angles θ can always be taken in the interval [0, π). The mixing angles φ and ψ vanish in the limit of exact SU (3) symmetry, and are thus proportional to the parameter . The SU (3) symmetric limit becomes similar to the non-strange case except that there are two additional masses, namely the ones of the singlet Λ baryons. The determination of the mixing angles would be similar to the non-strange case. In the absence of additional information to that of the masses, the angles can be determined only through exclusion of some operators. For instance, one strategy would be to exclude the 3-body operators, which seem in general to have particularly weak contributions to masses.
For the states which are subjected to mixing it is necessary to make the identification of the physical states. As mentioned in the introduction, for the physical case the identification has been clear for a long time, thanks to the simultaneous use of strong decay partial widths and helicity amplitudes [21, 24, 39, 40] , but that information is not available for the LQCD baryons. The identifications of the LQCD states were analyzed separately (a total of 256 possibilities). It turns out that most assignments pass the tests of χ 2 , mass relations and naturalness of the coefficients. Thus on a general rigorous ground the problem of state assignment is not completely resolved. However, if one requires that the coefficients flow reasonably smoothly towards the physical ones which are known, then only one assignment becomes possible, namely the one discussed here.
Since the mixing angles would be an indicator of level-crossing effects as M π is varied, their definite understanding is an important task. In fact, recent studies of lower lying negative parity states in Ref. [8, 10] identified the two lowest lying N − 1/2 masses and may give the first evidence of such a level crossing as M π varies.
For two flavors, and ollowing the global analysis of Ref [24] , the two mixing angles are given as input, and in this way it is possible to fit with the complete basis of operators up to 2-body. If the additional information provided by partial decay widths and/or photocouplings is not available, as it is the case for the LQCD results, one possibility is to neglect some of the basis operators, which allows one to predict the mixing angles solely using the masses.
A guidance on what operator(s) to exclude is given by the rather clear hierarchy in the importance the different operators have, as measured by the magnitude of their coefficients.
In fact, it becomes clear that the mixing angles are mostly controlled by the operators O 2 , O 6 and to a lesser extend O 4 and O 5 . In the case of three flavors the number of masses is much larger than the number of basis operators, and thus in principle the mixing angles can be determined with the information on the masses, of course after the above mentioned identification of states has been performed.
For two flavors, the LQCD results are those in Ref. [3] , and the corresponding fits are shown in Table IX 1 . The physical case is in good agreement with previous works [18, 19] .
If one considers only the seven known masses as inputs to the fit, one operator must be eliminated: the operator O 8 is thus dismissed as it always results virtually irrelevant. A second fit where only the three dominant operators are kept turns out to be consistent for the lattice QCD results, but gives a poor fit to the physical case. In that case, the M π evolution of the coefficients is shown in Fig. 3 .
A comparison of the physical case shows that it is consistent with earlier work [18, 19] , but differs significantly for the coefficients c 3 and c 6 with respect to the recent global analysis carried out in Ref. [24] . Since all those fits are consistent in terms of the χ 2 , it is indication of the ambiguity that results when only the masses are fitted. This means that also for the 1 In order to compare with the coefficients C i obtained in the global analysis [24] , where the operators are given in spherical basis and with different normalizations than here, the correspondence is: LQCD results one should expect several consistent fits in terms of the value of the χ 2 , which will have some of the parameters significantly different. 
The fits in the physical case are checked to be consistent with previous analysis [20, 21] .
It is interesting to observe the evolution of the mixing angles θ with M π , as they can give a clue on the possible level crossing as M π evolves. As it is the case in the non-strange case discussed above, in the S = 3/2 baryons these angles remain continuous from the physical case to M π = 702 MeV, while in the case of the S = 1/2 baryons there is a change by more than π/2, indicating a level crossing along the way. This qualitatively agrees with the LQCD results in Refs. [8, 10] . It is interesting to observe that for M π = 702 MeV all baryons are stable, and almost all are still stable for M π = 524 MeV, while below M π = 391
MeV they are unstable. Since the S = 1/2 baryons have S-wave decays, they are the ones to be sensitive to the opening of the decay. These observations suggest a synchronization
[MeV] PDG 391 524 702 between the mixing angle and the stability of the baryon. In fact, the change in θ 1 shown in Table XI Coefficients
[MeV] PDG 391 524 702 Table XII . .
predicted as negative. Table   X .
IV. COMMENTS AND CONCLUSIONS
From the study presented here of recent LQCD results for the low lying baryon excitations, it can be concluded that a clear picture of their spin-flavor composition can be obtained.
This entirely supports the picture seen from the lattice QCD analysis of the mass eigenstate couplings to source/sink operators. A similar, and even simpler picture than the physical case emerges at increasing quark masses, where with very few dominant operators the LQCD masses can be described. The expected narrowness of the states analyzed for the quark masses in the LQCD results suggests that those results are very realistic. For higher excited baryons, which will be broader, the present LQCD results may be a poorer approximation.
Nonetheless, they should be interesting to study.
A strong conclusion is that the LQCD masses are even closer to an approximate SU (6) × O(3) symmetry limit than the physical ones. This is most likely due to the fact that the composition of baryons becomes increasingly closer to a constituent quark model picture as the quark masses increase, emphasizing the mass operators which are naturally large in those models and suppressing the rest. The study presented here shows that the LQCD masses can in all cases be described quite well with only a few operators, namely the leading spin-flavor singlet one, the hyperfine one and with a lesser relevance the spin-orbit one.
For the quark masses employed in the LQCD calculations used here, the dramatic down- what is the precise mechanism that drives that effect, perhaps using some clever strategy 
